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进行了分析研究。在此基础上制备了异结构 TiAlSiN/Si3N4 和 CrAlSiN/Si3N4 纳米
多层膜及同结构 TiCrAlN/TiAlN 纳米多层膜。研究了调制单层厚度对纳米多层膜
的微观结构、显微硬度、膜基结合力和摩擦性能的影响，考察了 TiAlSiN/Si3N4、







层膜的微观结构和综合性能显著依赖于调制单层的厚度，尤其是 Si3N4 层的厚度。 
Si3N4 能够打断 TiAlSiN 单层及 CrAlSiN 单层的连续柱状生长，使得纳米多层膜
的结构得到优化。通过磁控溅射制备的不同 TiAlN 单层厚度下的同结构



















Ternary transition metal nitride coatings have been extensively used as hard 
protective and wear resistant coatings for cutting tools and critical components in 
mechanical, aerospace and automotive industries due to their attractive properties 
such as high hardness good, oxidation resistance and excellent wear resistance. With 
the advancement of machining techniques, there is an increasing demand of hard 
protective coating with better comprehensive properties. Therefore, great efforts have 
been made to investigate the coatings with multiple phases or multilayer structures. 
Compared to the individual single layer coatings, it was found that multilayer coatings, 
made of alternation of two individual layers with different crystalline structures or, 
alternatively, crystalline or amorphous can combine the properties of the constituent 
materials and exhibit superior properties, such as enhanced hardness, good wear 
resistance and high temperature stability. The multilayer coatings with unique 
properties can be obtained by the constituent of monolayer material, consequently, 
they appear as promising coatings. 
In this paper, CrSiN monolayer coatings have been prepared by reactive 
magnetron sputtering to investigate the microstructure and the comprehensive 
properties of it.  Based on the investigation of CrSiN monolayer coatings, the 
non-isostructural multilayers of TiAlSiN/Si3N4, CrAlSiN/Si3N4 and isostructural 
multilayer coatings of TiCrAlN/TiAlN are prepared. The effects of monolayer 
thickness on the microstructure, microhardness, adhesion force and tribological 
performance of multilayer coatings were explored. The air-oxidation behavior of 
multilayer coatings is also studied in this paper. The main contents and results are 
summarized as follows: 
 (1) The CrSiN monolayer coatings are prepared by RF-DC magnetron 
sputtering. The effects N2 flow rate (R(N2)) on the crystal structure， surface 















XRD、SEM and nanoindenter. All the deposited coatings indicated a cubic single 
phase with preferred (200) orientation, and CrSiN monolayer showed a maximum 
hardness with the R (N2) of 25% 
(2) The microstructure and comprehensive properties of non-isostructural 
multilayer coatings for TiAlSiN/Si3N4, CrAlSiN/Si3N4 are directly bound up with 
monolayer thickness, especially with the Si3N4 monolayer thickness. The 
comprehensive properties of non-isostructural multilayers show significant changes 
with the change of Si3N4 monolayer thickness. The columnar grain growth of TiAlSiN 
and CrAlSiN was confined by the Si3N4 layer and this led to a grain refinement in 
multilayer coatings, resulting in the refined structure of multilayer coatings. The 
microstructure and comprehensive properties of TiCrAlN/TiAlN isostructural 
multilayer coatings with different TiAlN monolayer thickness are also directly bound 
up with the monolayer thickness. 
(3) The microstructure of the prepared multilayer coatings has no obvious 
change after oxidation in the atmosphere (≤ 800oC), indicating that the multilayer 
coatings displayed good oxidation resistance.  
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硬度小于 40 GPa 的普通硬质涂层；另一种是维氏硬度大于 40GPa 的超硬涂层[1]。
普通硬质涂层种类按化学成分大致分为金属氮化物涂层、金属碳化物涂层、金属
氧化物涂层和金属硼化物涂层等。氮化物涂层材料主要是由过渡金属 Ti、Cr、V、





















































膜的结构示意图如图 1.1，对于由 A/B 两种材料沉积而形成的纳米多层膜，在沉
积方向上相邻两个单层构成一个基本的重复结构单元，其厚度称为调制周期
(λ)，在一个重复结构单元中，调制层 A 的厚度与调制层 B 的的厚度之比称为调
制比 R [26-27]。 
                 
















图 1.1 纳米多层膜结构示意图 






































TiN、VN、NbN 等[29-31]。Helmersson 等人首先报道了具有高硬度的 TiN/VN 纳米
多层膜，且发现其硬度依赖于调制周期，在调制周期为 5.2 nm 时硬度取得 大






































物与 Si3N4 制备异结构的 nc-MeN/a-Si3N4 纳米多层膜是另一个研究的热点[41-43]。，
MeN 单层在 Si3N4 单层调制作用下连续生长会被打断，纳米多层膜晶粒细小且具
有良好的致密性，即纳米多层膜具有调制优化结构。TiN 陶瓷涂层具有高硬度、
高耐磨性和高耐腐蚀性，但其抗氧化性能较弱，因而是一种理想的低温涂层材料。
为了改善 TiN 陶瓷涂层的综合性能，诸多学者对 TiN/Si3N4 纳米多层膜进行了大
量的研究，与单层 TiN 相比，TiN/Si3N4 纳米多层膜的综合性能得到了显著的改
善，与基体的结合力显著高于单层 TiN，抗氧化性能也得到明显提高[44-47]。此时，
纳米多层膜的综合性能显著依赖于在 Si3N4 调制单层厚度，当其厚度为 0.3nm 纳
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